The energy metabolism of the brain has been measured in a middle cerebral artery (MCA) occlusion model in the cat utilizing 31P-nuclear magnetic resonance (NMR). 31P-NMR spectra were serially obtained during 2 h of ischemia and a subsequent 4-h recovery period. The ratio of creatine phosphate (PCr) to inorganic phosphate (Pi) (PCr/Pi) showed a precipitous decrease in parallel with changes in electroencephalographic (EEG) ampli tude in severe strokes during ischemia as well as during recirculation. Animals with mild strokes, as determined by EEG criteria, exhibited a much smaller decrease in PCr/Pi during ischemia. In the severe strokes, there was a splitting and significant shift of the Pi peak immediately after occlusion. In addition, the shifted Pi peak rapidly increased and remained elevated throughout the study. In the mild strokes, Pi also increased, but not as markedly.
Intracellular pH determination by chemical shift of the Pi peak revealed a decrease from 7.1 to 6.2-6.3 during isch emia and the subsequent recovery period in the animals with severe strokes, whereas the pH in the animals with mild strokes did not show a significant change. A gradual decrease in adenosine triphosphate (ATP) to 57-79% of the control was exhibited in severely stroked animals during both the ischemia and the recovery period, whereas there was no change in ATP in the mild stroked animals. These results suggest that the dynamic process of pathophysiological changes in an MCA occlusion model in the cat leads to significant differences in cere bral metabolism between animals with mild and severe strokes. Key Words: Cerebral ischemia-Cerebral en ergy metabolism-Electroencephalogram-31P-nuclear magnetic resonance. tery (MC A) occlusion model in the cat Miyake (1984) found parallel changes of phosphocreatine and adenosine triphosphate (ATP) , suggesting dis equilibration of the creatine kinase system. How ever, little information correlating energy metabo lism and electroencephalogram (EEG) following a focal ischemic insult exists. We have therefore un dertaken a sy stematic evaluation of brain energy metabolism using in vivo 31P-NMR with the pur pose of correlating the changes in bioenergetic state with EEG during focal ischemia and the subsequent recovery period in an MC A occlusion model in the cat.
MATERIALS AND METHODS

Animal preparation
Male cats (2.5-3.5 kg) were anesthetized with pento barbital (Nembutal; 40 mg/kg) intraperitoneally, and fol-lowing a tracheostomy, both femoral arteries and both femoral veins were cannulated. Arterial pressure was monitored with an electromonometer (P23DC/Statham, Hato Rey, Puerto Rico). The head of the cat was mounted in a stereotaxic stand, and the skin and muscles were to tally removed from both sides of the skull in the frontal to occipital regions. The rectal temperature was monitored and maintained at 37°C by means of a thermostatically controlled heating lamp (73A, Yellow Springs Instru ment, Yellow Springs, Ohio) throughout the surgical preparation. Two pairs of brass electrodes were im planted in the skull over each MCA territory to record the EEG. The left MCA was exposed via a transorbital approach, as described previously (Hudgins and Garcia, 1970; Hayakawa and Waltz, 1975) and modified as dis cussed below.
A 6-0 silk suture was first looped around the proximal portion of the MCA. The ends of this suture were put through a cube (2.5 mm on a side) made from sponge, which was then precisely positioned on the surface of the MCA. The ends of the suture were then connected to 20 cm of polyethylene tube (PE 10) to provide compliance to the occluding string. The sutures and the polyethylene tube were inserted into a longer tube, the proximal end of which was glued to the cubic sponge. The end of the oc cluding string (PEIO) exited through the larger tube, which itself exited from the orbit of the animal. The openings in the dura and the enlarged optic foramen were closed with pieces of extraocular muscle. The empty orbit was filled with epoxy and closed around the occlu sive device, allowing the MCA to be occluded and subse quently released while NMR spectra were being obtained from the brain. A 17-mm diameter hole was drilled in the skull over the left MeA territory, and a two-turn surface coil, 17 mm in diameter made of copper wire and shaped to conform to the brain, was placed on the exposed dura. The cat was immobilized with gallamine triethiodide (20 mg) and ventilated with 30% oxygen and 70% nitrous oxide for the remainder of the study.
NMR measurement
An NMR Spectrometer (Phospho-Energetics, Philadel phia, PA) was used with a 2.I-tesla superconducting magnet (Oxford) and a 1O.5-inch bore. Radio frequency pulses of 35.8 MHz, with pulse widths of 70 fLsec (ap proximately 90° pulse), were transmitted by the coil. Free induction decay was received by the same coil for 80 msec following a delay of 100 msec. The scan was re peated every 4 s for 10-16 min. Room temperature shim ming gave 0.2 ppm of half-line width of the proton water signal. After the scan, the free induction decays were summed, and Fourier transforms were performed to ob tain the frequency domain peaks with manual phasing. The signal-to-noise ratio was more than 10 for IO-Hz line broadening. Seven peaks-beta, alpha, gamma phospho rous in ATP, creatine phosphate (Per), phosphodiester (PDE), inorganic phosphate (Pi), and phosphomonoester (PME)-were displayed (Fig. I ). Ratios (for example Per/Pi) were calculated using the height of the peaks. The chemical shift was determined from the center of the PCr peak to the center of the Pi peak. The pH calculation from the chemical shift of the Pi peak was made using a chemical shift of dibasic, monobasic phosphoric acid with pKa, 3.29, 5.68, and 6.77, respectively (Petroff et aI., 1985) . 31P-NMR spectra were serially obtained during 2 h of ischemia and during a 4-h recovery period. During Vol. 7, No.5, 1987 Mild Stroke CONTROL AFTER OCCLUSION
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FIG. 1. 31P-NMR spectra before and after occlusion in both a mild (left) and a severely stroked animal (right).
NMR measurement, the body temperature was kept con stant at 37 ± 1°C by use of a warm water blanket. Arte rial blood gases were measured at predetermined in tervals using a Radiometer BM3 MK2 blood gas micro system and were maintained within normal ranges throughout the study.
RESULTS
Phy siological data are shown in Ta ble 1. Both ar terial blood gases and mean arterial blood pressure remained stable throughout the study in each stroke animal. There was no statistically significant difference between the mild and severe stroke an imals. The animals were graded as sustaining a mild or severe stroke depending on the ratio of the am plitudes of the EEG on the ipsilateral to that on the contralateral hemisphere 30 min following MeA occlusion. When this ratio was below 0.2, the an imal was considered to have a severe stroke, and when this ratio was above 0.7, the stroke was con sidered to be mild. The EEG tracing prior to the MeA occlusion consisted predominantly of 6-8!s, 50-100-fL V activity. Following MeA occlusion, there was a gradual decrease in the mean ampli tude, accompanied by a slowing of the frequency. The time course of changes in the EEG amplitude is shown in Fig. 2 . In severe strokes, the EEG ampli tude was reduced to 22.3 ± 14.2% (mean ± SD) of the control at 2.5 min and 18.8 ± 8.2% of control at 5 min. The EEG amplitude remained less than 20% of the control throughout both the occlusion and the subsequent recovery period. In the mild stroke animals, the EEG amplitude ratio decreased to 44.3 ± 25.9% of the control at 2.5 min (p < 0.01), fol lowed by a gradual recovery to 89.3 ± 13.5% at 60 min (Fig. 2) . Even after 4 h of recirculation, the EEG amplitude remained near the control level. There was no seizure activity throughout the study in any of the animals.
31P-NMR spectra before and after occlusion in a mild and a severely stroke animal are shown in Fig. 1. In mild strokes, a slight reduction of per was noted after occlusion, with the remainder of the spectra not changing significantly. The severely stroked animals, however, showed a splitting of the Pi peak immediately after occlusion, and the Pi peak, which was shifted to upfield, revealed a pro gressive rise during both the ischemic and the re covery periods. In addition, in the severe stroke group, a significant reduction of per and ATP (beta, alpha, and gamma) occurred. The time course of changes in bioenergetic states is shown in Fig. 3 . In severe strokes, the ratio of per to the shifted Pi (Per/Pi) showed a significant parallel de crease with EEG to between 30 and 40% of the control during both ischemia and recirculation (Fig.  3A) . In mild strokes, there was a significant de crease in Per/Pi to 60% during the first 10 min of occlusion, followed by a gradual recovery to 70-87% of the control during the latter phase of oc clusion. Recirculation decreased Per/Pi from 83. 2 ± 20.1% (mean ± SD) of the control at the end of occlusion to 67.0 ± 11.8% 30 min after MeA re lease, with Per/Pi gradually recovering to the con trol level throughout recirculation.
The time course of changes in the level of ATP is demonstrated in Fig. 3B . In severe strokes, the level of ATP started to decrease 30 min after occlu- sion and showed a gradual decrease to 57-79% of control during ischemia and the subsequent re covery period. There was no significant change in ATP in the mild stroke animals throughout the study. Figure 3C shows the time course of changes in brain pH. Intracellular pH prior to occlusion was 7.05 ± 0.03 (mean ± SD) in the severe stroke an imals and 7.07 ± 0.03 in the mild stroke animals, with no significant difference between the groups. In the severe stroke animals, intracellular pH de termined from the shifted Pi peak exhibited a pre cipitous decrease from 7.05 to 6.2-6.3 during isch emia and the subsequent recovery period, whereas the pH determined by nonshifted Pi did not show any significant change. Animals with a mild stroke did not show a pH change during the study.
In severe strokes, PCr/Pi (Pi shifted to upfield) and EEG amplitude declined in unison to 36.8 ± 12.0% and 13.0 ± 6.2% of the control, respectively, 30 min after occlusion, remaining at this level throughout the occlusion (Figs. 2 and 3A) . In mild strokes, PCr/Pi and EEG amplitude fell together to 74.0 ± 24.7% and 44.3 ± 25.9% of the control, re spectively, 2.5 min after occlusion. PCr/Pi con tinued to decrease to 59.6 ± 27.1 % 10 min after occlusion, whereas EEG amplitude increased to 61.5 ± 13.5%. At this time, EEG amplitude started to increase along with PCi/Pi, and by 30 min after occlusion, they both approached the control level.
DISCUSSION
The use of high-resolution 31P-NMR surface coil permits the measurement of regional disturbances in cerebral energy metabolism (Ackerman et aI. , 1980) . The NMR measurements in this study were made using a surface radiofrequency coil. The sur face coil design enables us to observe signals from a region adjacent to the surface of tissue just beneath the coil. The majority of the signal is obtained from tissue within 4 mm of the surface right below the center of the coil and from even shallower depths beneath the periphery of the coil.
In severe strokes, the PCr/Pi started to decrease immediately after occlusion, whereas the level of ATP was not reduced until approximately 30 min after occlusion. In the mild stroke animals, there was a temporary reduction of PCr/Pi, without any change in ATP throughout the study. The function of PCr in brain may be similar to its postulated function in heart and skeletal muscle, specifically, a reservoir of high-energy phosphate that can be con verted into the energy currency of muscle, ATP (Jacobus et al., 1977) . These studies in muscle also showed a fall in PCr preceding any decrease in ATP. When dogs were made hypoxic below a PaOZ of 30 mm Hg, brain 31P-NMR spectrum first showed a progressive fall in PCr, with a concomi tant rise in Pi, and with ATP levels being preserved J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 until PCr was approximately half depleted (Hil berman et ai., 1984) .
In the severe strokes, brain pH decreased rapidly from 7.05 ± 0.03 prior to occlusion to 6,25 ± 0.16 at 5 min after occlusion. Due to the small coil size and, hence, measurement volume in relation to the brain, this pH signal must have originated in the ischemic focus. The fall in brain pH of the severely stroked animals is compatible with other biochem ical studies. Csiba et al. (1983) , using a technique for quantitative regional assessment of brain pH by a modification of the umbelliferone method, dem onstrated a sharp demarcation between ischemic and nonischemic tissue following MCA occlusion in the cat. Brain pH in the MCA territory decreased from 7.10-7.01 to 6.32-6.26. Kogure et al. (1980) measured brain pH topographically, using neutral red as an internal pH indicator, and noted a fall in pH from 7.09 ± 0.07 to 6.01 ± 0.09 in focal isch emia, at a time when ATP and PCr were also re duced significantly.
The observation that in severe stroke animals no change of ATP was apparent during the first 20 min of the MCA occlusion, even though the pH de creased to 6.2-6.3, is in good agreement with pre vious studies. Siesjo et al. (1972) reported that when cerebral perfusion pressure was decreased, the earliest tissue changes were increases in the lactate concentration and in the lactate/pyruvate ratio. Thus, lactoacidosis could develop before the energy state was significantly affected. MacMillan and Siesj6 (1972) also suggested that a degree of hypoxemia, which left the energy charge potential unchanged, produced a decrease in intracellular pH from 7.05 to 6.5-6.6. Using 31P-NMR, Thulborn et al. (1982) noted that bilateral carotid occlusion in the gerbil produced a significant depression in pH within 10 min of occlusion.
There are several reports on splitting of the Pi peak in both in vitro and in vivo studies (Navon et aI. , 1977; Horikawa et ai., 1985) . In the in vitro set ting, a split of the Pi peak has been attributed to the difference in pH between extracellular and intracel lular fluid, as the cells were suspended in a medium containing phosphate compounds (N avon et aI., 1977) . The extracellular space is approximately 5-20% of the brain (Davson and Bradbury, 1965; Harreveld and Khattab, 1967) . Ischemic insult re duces the extracellular space to about one-half of its initial volume (Hansen and Olsen, 1980) . Ac cordingly, the extracellular space of the brain prob ably does not contribute to the splitting of the Pi spectrum. Horikawa et al. (1985) also observed a splitting of the Pi spectrum in an in vivo study of rat brain during ischemia. They concluded that a small notch of the Pi peak originates from the muscle in the mandibular region that was not removed, su perimposed on the large Pi peak from the brain. In our study, the overlying muscles were totally re moved frontal to occipital from both sides of the skull, along with muscles in the left orbit. In addi tion, the size of the coil placed over the MCA terri tory was 17 mm, and hence, incapable of deriving a signal from any other muscle tissue. It is con cluded, therefore, that both Pi peaks observed in our study originated from the brain tissue and that there was a heterogeneity in the brain pH among the cells of the MCA territory. Our surface coil de sign enabled us to derive signals both from the isch emic focus as well as from surrounding tissue. The Pi peak component that was shifted to upfield was probably derived mainly from the ischemic focus, whereas the Pi component, which was not appreciably shifted, probably originated from non ischemic or mildly ischemic tissue. Regional bio chemical methods have also revealed that meta bolic changes in the ischemic focus differ substan tially from those in surrounding tissue (Ratcheson and Ferrendelli, 1980; Paschen et aI., 1980; Welsh et aI., 1980) . In the ischemic focus, the metabolic changes are similar to those observed in severe global ischemia-a low level of PCr and ATP and a high lactate level. In surrounding tissue, which seems to be related to the ischemic penumbra (As trup et aI., 1981), there are intermediate reductions in the high-energy phosphates, and the lactate level may even exceed that in the ischemic focus. Little et ai. (1974) did not observe a heterogeneity in mor phological damage comparable to the heterogeneity in bioenergetic state observed in this study. They observed rather uniform neuronal alterations in MCA-occluded animals, with the degree of cell loss being closely related to the duration of ischemia.
Utilizing the same model of MCA occlusion, variable changes of the local cerebral metabolic rate for glucose were reported (Tanaka et aI., 1985) . Significant variability has also been reported in neurological deficit (Hayakawa and Waltz, 1975) and alterations in blood flow (Blair and Waltz, 1970; Yamaguchi et aI., 1971; Ginsberg et aI., 1976) , in addition to pathological changes (Yamaguchi et aI., 1971; Little et aI., 1974; Hayakawa and Waltz, 1975) . This variability is in good agreement with the range of severity of strokes seen in the 31P-NMR spectra of the present study.
In severe stroke animals, energy metabolism and EEG amplitude declined in unison, without any re covery. The simultaneous decline of these param eters was also observed in models of ischemia, in cluding a bilateral carotid occlusion model in the rat (Horikawa et aI., 1985 ) and a hypoxic model in the dog (Hilberman et aI., 1984) . In mild stroke an imals, EEG recovered earlier than PCr/Pi during the first 30 min of occlusion. This observation sug gests that cerebral integrated function, as measured by EEG, would be maintained in a subnormal level, even when PCr/Pi is depleted, without any change of ATP. Horikawa et ai. (1985) reported that during recirculation following 30 min of ischemia, the ab normal 31p spectra recovered immediately, al though EEG recovery was delayed for � 12 h. In our model of 2-h MCA occlusion, energy metabo lism and EEG failed to recover in the severe strokes, whereas in the mild strokes, both EEG and energy metabolism had already recovered to the control level by the time of release. The dissocia tion between EEG recovery and bioenergetic state seen by Horikawa et ai. (1985) , and not observed in the present study, may be due to the differences in the duration of occlusion in the different studies. EEG appears to be a good indicator of bioenergetic state.
In vivo 31P-NMR measurement has recently been introduced for examining human brain dysfunction (Bottomley et aI., 1983; Cady et aI., 1983; Younkin et aI., 1984; Welch et aI., 1985) . We conclude from the present results that 31P-NMR offers the oppor tunity to study dynamic processes in brain bioener getics. This report demonstrates the feasibility of using 31P-NMR for the study of focal cerebral isch emia.
